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Upstream sequences required for tissue-specific activation of the
cardiac actin gene in Xenopus laevis embryos
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The entire DNA sequence of the Xenopus laevis cardiac actin
gene was determined. A recombinant plasmid comprising the
cardiac actin gene promoter fused to the bacterial chloram-
phenicol acetyl transferase (CAT) gene is correctly regulated
after introduction into fertilized Xenopus eggs. The fusion
gene shows a temporal and tissue-specific pattern of expres-
sion in the early embryo which is indistinguishable from that
of the endogenous cardiac actin gene. The fusion gene is also
activated in cultured embryo fragments that are induced by
cell interactions to form embryonic muscle tissue. Tissue-
specific expression of the recombinant requires sequences be-
tween 217 and 416 nucleotides upstream from the transcrip-
tion initiation site. In contrast, both the chimaeric gene and
the entire cardiac actin gene are expressed at a basal level
after microinjection into Xenopus oocytes, requiring only the
presence of a TATA box upstream from the cap site.
Key words: actin genes/Amphibia/gene transfer/transcriptional
control/upstream DNA sequence

Introduction
Microinjection of cloned DNA into fertilized eggs provides a
powerful means for analysing the mechanisms that underly tissue-
specific gene expression. Since the DNA is introduced into a
totipotent cell, it is inherited by daughter blastomeres that enter
many different pathways of differentation. No equivalent test of
cell type-specific expression is available using cultured somatic
cell lines. Amphibian eggs are especially favourable for such
studies since development is rapid and individual tissues are readi-
ly isolated from the earliest embryos. It is therefore possible to
investigate the regulation of genes activated as the first restric-
tions on cell fate are established within the embryo.

This procedure was used to study the expression of a muscle-
specific gene that is normally activated after the onset of gastrula-
tion. The cardiac actin gene of Xenopus laevis encodes one of
the earliest products of terminal cell differentiation detected in
amphibian embryos (Sturgess et al., 1980; Mohun et al., 1984).
Cardiac actin protein is synthesized exclusively in embryonic
muscle (myotome) which is derived from the mesodermal germ
layer. Previous studies of vertebrate sarcomeric actin genes have
indicated that DNA flanking the 5' end of these genes is required
for their expression in myogenic cultures (Melloul et al., 1984;
Nudel et al., 1985; Grichnik et al., 1986; Minty and Kedes,
1986). This study tested which region of the Xenopus cardiac
actin gene is required for activation and tissue-specific expres-
sion at the beginning of embryonic development. It was found
that microinjected, cardiac actin gene constructs are responsive
to tissue interactions that can induce embryonic muscle differen-
tiation from presumptive ectodermal cells in culture. Tissue-

specific gene activation and expression in response to inductive
stimuli both require a similar region ofDNA flanking the 5' end
of the cardiac gene.

Results
Structure of the Xenopus laevis cardiac actin gene
The cardiac actin gene of X. laevis was isolated from a lambda
EMBL4 genomic library (Krieg and Melton, 1985) and its struc-
ture established by Southern blotting and DNA sequencing. Like
all other vertebrate striated muscle actin genes that have been
reported, the Xenopus cardiac actin gene comprises seven exons
(Figure lA) only six of which encode the mature polypeptide
(Buckingham and Minty, 1983). The first exon codes for most
of the 5' untranslated portion of the mRNA. The entire nucleotide
sequence of this gene and the flanking DNA is presented in Figure
lB. The positions of each intron with respect to the mature
mRNA sequence are identical to those of other vertebrate car-
diac and skeletal actin genes (5' untranslated region, codons
41/42, 150, 204, 267, 327/328). This gene encodes a transcript
identical to that of the Xenopus cardiac actin mRNA previously
reported (Mohun et al., 1984; Stutz and Spohr, 1986).
The transcription initiation ('cap') site was identified by

measuring the size of the mRNA 5' untranslated region using
primer extension. This method estimates the transcript leader to
be 68 nucleotides long (data not shown) and by comparing the
gene sequence with that of the cDNA we predict the first exon
to be 51 base pairs long. This is confirmed by RNA mapping
(see Figure 6). Upstream from the cap site there is a putative
TATA box at -17 (TATAAAT) and a CAAT box sequence
(CCAAAT) at -85 characteristic of vertebrate striated muscle
actin genes (Ordahl and Cooper, 1983; Minty and Kedes, 1986).
A similar but not identical sequence has recently been presented
for the first exon and immediate flanking DNA for another X.
laevis cardiac actin gene (Stutz and Spohr, 1986). The presence
of two distinct cardiac actin genes in the frog genome is unusual
since all other vertebrates appear to possess only a single copy
of each actin gene. However, X. taevis and closely related species
such as Xenopus borealis probably possess a duplicated genome
(Bisbee et al., 1977) thereby acquiring a second copy of each
single copy gene.

In an attempt to define regions of the cardiac gene which may
be important for its tissue-specific pattern of expression, the
Xenopus sequence was compared with those of other vertebrate
sarcomeric actin genes. The results are summarized as follows.
(i) No homology was found between exons encoding the mRNA
5' untranslated regions of the various vertebrate cardiac actin
genes. In contrast, Gunning et al. (1984) have described several
regions of homology shared by vertebrate cardiac actin mRNAs
within the 3' untranslated region. (ii) A short sequence, CAC-
CAG, located at position +7 within the first exon of the Xenopus
gene comprises the cap site of the mouse, human and chicken
cardiac actin genes (Minty and Kedes, 1986). (iii) No regions
of homology are evident in the introns of vertebrate cardiac ac-
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66ATCCAATTACASAAA6ACTCCTTATCTA6AAAACACCA66TCCCAA6CATTCTGCAT -720
ACCA66TCCCATACCAGTACAAT6CAATACTATAAAA66ACACCCTTaAGAAAT6TACA6AT6TCACCTT66AT6CTC6TATA6TGTT6CACT6T6CCCA6ATT4AACACAATACCCACA -600
CACATCCT666A6AA66666AATTCTOCACATT66CTGTTTCCCAACA6A6T6CAA6CTCT6A6A6CAAATCTT6CCCGTCATTACTBTTT6ATATAA66TATTCCCAT6CCT6AC6CAC -4B0
AiT4AATATT6TTTTTCATTC6T6TTTACAGCACT6AA66CA66CA6CTATTTr6T6CATCA6TACTTTAT6TATTTCTAAACCCA6T6CT66AA6a6 CCAA4TA6CA66ATGCCCCCCCC -360
6CGTTA6TCCCCCT6CACAATT6T6CT6CACCT6TCTACTCCATTT6CA6ACCCCT6T6TCT6T6CAAACTATTTCTTTCATT6T6CTGTTTTTTfTT6TCACCCA6CATTACAGACAT6C -240
TTTTTTG66AATCCCTATTT66CCATCCCTATA6T6CT6CCCCCCACCTCCATACTTTCCATACAT666CTAA666TCCA4AAACCCTGCCCTCCCCCCTCACCTACTCCATTAAaT6C -120
TTCTTT6CTTTTrCAAT66CCCA6AA6CTACCAAAT4AA66CA66CT6CCT6CCTTTCCCT6C6CABCTCCCACT6ACTCCTCAACTCCA66CA6C6TATAAATT6ACA6CTCA6TCCCC

A66CA6CACCCA6CCAATTCAATCACA6CACCA6CTCTCCT6T6CTAACCA6at6AGTAC7CT6T666ACATACA66TT66TTCTTT6CT6CT66AC6GAT6TCT6CCATTTCACTTTT6 120
66ACAAACCAA6ATTCCACT66T6TTTCA6CCATCATTCCTTTA66ATTACCTTT6ATTTCCAiAATA6TTCCT66CTCCTAT66CACA6AAA6A6CTATTTA66ATTTCCTCTCTAAACA 240
6TABCAACTA6TCTCA6AAATG6CTTCAACCATT66CA6CCTAACT6CTA6T66ATTAAA66ACCCTACA6TT66TTTCTT6TTTT6CA6A66AATCTACAATTTCCACTTTAATAT6A6 360
6666CA6T6T6ACCA6T6CACT6TATATA6666A6CA6TATATTCCAT6TTTATGTACCT6T6TAA66A6CAACA6CCCCT666T6CTACAT66CTCCTAT6TATA6ACAT6TCAT66TC 480
ACAA6TACCTACCT6TATGCTACTAA66CCCACACACAATTCCTAAAACTCTATTA6AACTTT6A66CCTACTAAAAAT6T666TCCCA6T6ATACAT66CTTA4CTATACA6TA6TACT 600
CACA66CAC6T6CT66TTTtAT6ATCA6TAAT6T66AACTT6TT6AA6CCCATA6TACACTCCCAATAT6T6TTCT6CA66CTCCTCT66CA6C4AATTTACTTAAT66CAACTCCAACAAi 720
ATCAACCCTTACCCCT6TCATTCCTCCAACA6CT6A666666666ATA6AGTATTCATCTTTTTACACT6CA6TCATAC6AAACTT6TTTTT6CCA6CA666TAA66TTT6T6T6TA66A 840
66CA6CT6CTTCTT6ACAT6T6A6ACA6CA666T66T66CAAAT6TTT6666T6666666CATAiAACTTTAACTCTTTCA66TTTAAA6AATaAATTACACTACTATCACCCTTTAAT6C 960
ATTtTTTaTATTCTTATTCTA6AACTACT6TTtTATCTACATCATATCATACTCTTA6TCCTT6AAA6TTCTTCACCCAAAa6TATA666TATTTTGCA6ACCCCTTTTCAGTAATACATT 1080
AAAT6ATTCAAT6TTAAATAACATTAAAACAATTCTrTTTATTTATC6CCAACATA6CAA6ATT6TT4AAATCATT6TTTTTCCAATTTAATCTA6CTCA666ATfTTTTTCCCTCT6CAA6 1200
TT66ACTTCAATTCCTA6CA6CCCA66ATA6T66666TTGCT666AATT6TA6TTCA6CATATTA6T6TA6CA6ACATTCTCT66T6TT6CT6CATATT66AATTACA6A6AT666TA66 1320
TA6ACT666TT66TCACTTTTTTAA4TTCA6CATCTA6CA6CA6CACAACAA6CATTACCCT66AAT66TTCATAATAT6CTCA6CTATTATA6TTTCCAAA6TAATAAT6TAATATCCTT 1440
66TCAAAACTACAAA6CCACGTT6CTTTATTTA6ACACTC6TTTCT66AAA6CAAA66TTAAAAACCAAA6AT6T6TGCTCAAAA4TCCCTCTCTTCTCTT6CTCACaaAACATAACCT6 1560

M C D D E E T T A L V C D N 6 5 6 L V K A 6 F A 6 D D a P R a v F P S I V 6
CCACTAT6T6T6AC6AC6A66A6ACTACCGCCTT66T6TGC6ACAAT66CTCC666CT66T6AA66CT666TTC6CTO6666AT6AT6CCCCAC6T6CGT6TTTCCCCTCCATC6TT66TC 1680
R P R H Q
6CCCCC6TCATCA6qtATCTATCC6AA6CACCTTTA6CTCTTTTCTA6ACA66A66ATATAGCTSTACAA6CTT6CAATTTAAT6A6CAATACTA66AAACCTTAA6TAGTTCA6TA6TT 1800
TA06T6TCTTATCCTAAAATTT6ATAAAAAnT6TTATTCCCCAAATATTCTAACT6CCTATTCCTAG6AArTATCTATCATCCACACTCTA6CTCTA6TAA66CTCTACA6T6CATACT6G 1920
6A6TTCA6A6ACA6CT66A6A6TC6A6TTT6CCA6TCCCT6CCCTTCACCTCTCTATTT6AT6CT7T6TTTCCCCTATCA6CA6CTATAAATA6ACA6A6T6CATA6CCACTT6T6CA6A 2040
6TCCA6T6ATAA6A6CTT6TTAATTATBA6AA6A646CACT6T6CCATGT6AATTA66CCTTATTATTTT6TCA6CATT66CA6CCA6T6AATGTTTCT6CCATAGCT6ACATTTTA6TAi 2160
TTATTAAT6TCCA66CT6TT666A6T6AAA6CT6AACACATTACAATTACA6CTTT6CCAACT6CCCATTA6TATCACTTTCT86T666TCTT6CCA6TTCCCCCTCT666AAT6C6AT6 2280
66TCCATTTGCACCT666TCAAT666A666BA6AATTACTGTATAAA666CCAACTAtATAT6TGATCCAA6TAA6TCAT6ACCTT6T6TCACCTTCA6T6TCA666CA66AA6ACACCAT6 2400

6 V M
CACTCT6CTTA6ATTTATTCAAT66TTTTAA6CA66A6A66AAT6CTTTTtACTTTAT66TTTT6TCTTT6ACCA6CTTCTCACCTC6CTTTACTCCTCTCCtTTCTTTaQ66T67CAT66 2520
V 6 N 6 Q K D S Y V 6 D E A Q S K R 6 I L T L K Y P I E H 6 I I T N W D D .M E K
T666TAT666TCAAAAA6ATTCCTAC6TA66T6AT64AACTCAGA6CAAGA6A66TATCCT6ACCCTCAAGTACCCCATTGA6CACB6TATCATCACTAACT666AT6ATAT66A6AAGA 2640
I W H H T F Y N E L R V A P E E N P T L L T E A P L N P K A N R E K M T Q I M F
TCT66CACCACACCTTCTACAAT6A6CTGC6TTGG6CCCCT6AA6A6CACCCCACCCT6CTCACT6A66CCCCACT6AACCCCAA6GCCAACC6T64AAAA6AT6ACACA6ATCAT6TTT6 2760
E T F N V P A M Y V A I Q A V L S L Y A S 6 R T T
A6ACCTTCAAC6TCCCA6CCAT6TATOTTGCCATCCA66CT6TGCT6TCCCT6TAC6CTTCT66TC6TACCACA6aOtA6CATA6ACACTTCCATTCAAACCTTAAT6ATT666TT6CTC 2B80
TTACCACT666AA66TTCA66TCTTTCCATCCCT6CTTTGAACTTCATCCTCT66TT6CT66TTTAATAA46AAT6ACATA6CTCAAAACTTTCTACATTCTCCTATA6AT66AACTCTT 39000
6TAT6A6AAAA6A666CAAAAT6TATTCT6CTGCTTT66AACAAACCCTCACTATTACCA6TAATTCCAAAA6CT66A6ATaAAATA6A6ACaAAAATATTATT6CCA66TTCAATTTTfTA 3120
TCTAAAACCTTCCTT6AAA6CAAACCA6CTA6T66ATCTTCCrTTTGCACTTATATTTATCA66CACCCCA6A6ATACTACAAA6AACCATACAACCTACT6T6CTCCT6T6CAA676CT6 3240
6TATCTACATTCT6TATCT6AA6TCAAT66TTAACATTTATA6AAACCTT6CCCTTCATCCCCATCCAGAA6GA6AT66CTATAAATTA6CTAT6AACTCTCTTCCCA6TAATACATCAA 3360
A6TCACATTAATTCATCCCAA6TTCAA6CA6AAT6CA6T666A6CtTTAATCTTTTTACACT66TAACATCTCATCAiCT6AATCCA6CCTATTTA6TTGTAA66CAATGCT666TTT6TA 3480
T6TACCA6AACA6CACATCTCCAATG6AG66T666666A6C6A666AGTAAAa6666CATCA6CATCTBCCT6CTATATAAATA6A66666AAAAT6T6ACATT6T6T6A6CTCTGCA TAT 3600
TTTTTTTCAAC6TTAAATCCCTTAAA6CTATT66TAT6AT4A6AGAAC66AAA66CACCAT6A6CSTAATAA6CCTTCTCATACA6TCT6CA66CT6A6ATT6CTT6XldCA6CA6ATAC6T 372f)
T66ATTATTTCT6CTCATT6CA6T6AT6TCTCTT6CCCTTCA86ACA6A66CTTTCT6T6TTTACATGCAATTTATTT6A6TTTA6ATCCACAAAACACA6CTT66CACATCACTCTCT6 3840
TCTTCA6CCT66ATAGT6TCCAACTT6CTATCT6ACTCTCT666AAGCTCA6TTCCCA6CACTATTTAATA6A6TT6AA6TT66ATCTTTCTTCT6TA6AATAACCTTTGCTAATTA66C 3960

6 I V L D S G D 6 V T H N V P I Y E 6 Y A L P H Ai I Q R L D
CTTAACATTCATCTATTCTTCTTTATCCaBTA6T4CTTCTT6ACTCTG6TCATG6T6TCACCCACAAT6TCCCCATCTAT6AA66T4TATCTCTGCCCCATGCCATCCABCGTCTG6ACC 4080
L A 6 R D L I D Y L M K I L T E R 6 Y S F V T T
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T66CT66T6A6A6ACTCACA6ATTACCTCATGAAGATCCTSACT6AAC6T66CTACTCCTTT6T6ACAACA6atAA6TTCTATCATBCTAAATCCATA6A666CCTACACAAACTTA6AT 4200
A6CATTT6CCAG4A6ATAC6ASATCTArTTATATCACTT66aAAQAAATTAT6TCATTATAA6ACAACAA6AAACA6T6ACA6TCACA6ACT6ATACATCASCT666CTAT6CACTAATT 4320
ATT6AACCTT6T6ATAT6TAGCAATtTATTCTTAT4AAA4AAATCATA66ACCCCC666CACATACC6AAAAATAACTCCCCCATASAT6A6AATCTCAC6TA6AATCATT6AAT6A66AC 4440
AtTTTACT6T6ACCACAAA6CA6AACATCTTACTAATAA4AGAAAAA4ATA6CCACAATACTAaAAATAATGAACTT6T6ATTTTTTTCAAT6TTTCT6TA6AATAACTCTTCA6ABTTTAA 4560

A E R E I V R D I K E K L C Y V A L D F E N E A A T A A S S
TCTCATTAT6CTTTGTTTTT6CCCCATACaaCT6AAA666AAATTGTCC6T6ACATCAA664AAAA6CT6T6CTAT6T66CTTT66ACTTT6A6AAT6AAAT66CCACC6CT6CCTCATCC 4680

S 5l E K S Y E l P D 6 a V I T I 6 N E R F R C P E T L F I P S F I
TCCTCCCT6AGA64A66CTAT6A6CTTCCC6AC66TCA66TCATCACCATT66AAAT6AACBTTTCCSTT6CCCT6A6ACCCTCTTCCA6CCTTCCTTCATT60t6A6CA6CCATACCTA 4aoo
TAGCCCT6A6ACCT6ACATATACCAACACAGATACACA6ACTCCT6TTTA6T6AT666T6AATATATTC6C6AACCBTC6CBAAAATTT6TTTTTT66AT5CC6BT6CAAAAAAC66ATS 4920
CC66C6TCCAA6AAAT66ACTTC66T6TCAACAAACA6AT6CC6TTT6T6AATTTTTCA6CATTTA6A6AATTTC9CAAATTTTTC66C6AAC66AAA16CCCCAAAT6C6CCCATCACT 5040
ATTCCT6TTCA6TTTTCCCTATACCACTTCACATACTA6AAATCCATATCATA666CAATAT6C6TTTTATATCACA6T6T6CCTACATAASCTTCTCATTAACCTTTTACTTTTTTACT 5160
AACCA6A6C6AAACCCCCCTA66TA6ACAAAATATATTT4AAATATACT6TAATATTABAA6C6T6CCT6BTTAA66CCA6TCTCATTCTA6ATCCT6TAAAAATATTCACACCATCTTC 5290
CCTT6CCAACCAACACAT6CT6CC6TTSCCTTAAT4AAA6CCCTATTTATCATTT6TTA6ACCCCAACACCT6TTTTCA6T6AC6T6CCCACACASCA6TT6CTTTCCATTT66T6AT6TT 5400

6 N E 6 A 6 I
GTTTCA6CCTCACACTCCCATCTACACCT6TTCCCCCCACATTCCCCCCACACA6TTAT6CCTCTCTAATGCATCCT6TTTTACCTTCTCCCACTACAtu6TAT66AATCT6CC66TATC 5520
H E T T Y N S I M K C D I D I R K D L Y A N N V L S 6 6 T T N Y P 6 I A D R h 9
CAT6AAACTACCTACAACA6CATCAT6AA4T6C6ACATT6ATATCCGCAA66ACCT6TAC6CCAACAAC6TCCTCTCT66T66TACCACCAT6TACCCT66TATT6CT6ACA6AAT6CA6 5640
K E I T A L A P S T N K I K

AA66A6ATCACTGCCCT66CCCCCA6CACCAT6AAGATCAA6ot6A6CT6A6CAAAT6ACA6ACCTACAATA6ACATTTCTTACACT6TATAT6CTTCAAATTT6ATATAA6A6AATTCA 5760
6AAACAT6T6CCCACT6CCCAATCACATTCTTCTTATBTTT6TATACTATACATTTCCCT666CA6ATATTCCTCTCCTCTTCTATA6A6TAACACTTCTCATSAACACAAATATTCACT 5880
T6TTACTCTTCCTCT6ATCACAAT6ATTATTATATCA66AAT66AAACATA6BA6CCCCAAACA6666A6A6T66CACCCATCA66ACATATAAT6A6TAAATCT6TA6TACATAAT6AA 6000
CAA6AT6C6T6CAATACA6AATAA6TT6AA6TT6T6CTGTTA6ATACA66CTT6T66TA6A666TT6CATCTCAACA66TCTTT6CTCAT6AATTTATTTTAATCAATTATTTCCTCTio 6120

I I A P P E R K Y S Y W I 6 6 S I L A S L S T F O O N W I S K Q E Y D E A 6 P S
ATCATTGCCCCACCT6A6C6TAAATACTCC6TCT66ATC66T66CTCCATCTT66CCTCTCT6TCCACCTTCCAACA6AT6T66ATCA6CAAACA66AATAC6AT6A66CA66ACCCTCC 6240

I V H R K C f *
ATT6T6CACAGAA46T6CTTCTAAACATTACACACACTCCTCCAA6CAACATATACA6A6TACCTCAAA6TCAAA4AAA4ACAA6ACCTB6ACA6TCACT6TACA6TTT6TTTACAC6CCA 6360
TCATATTTATTACTTTCTAAATAAACACAT6C66TTAA6TTCATCA6A6T6T6ACT6TCTTCTTTT66AT6TTAT6CTTT6CCAATAAAA66AAACATC66CTCAACCAT

66TTTCB6C 6480
A6TT6T6T6T6ACA6TTTATATTACAAATA66A6TTTTAAT6A86TTT66666CT6AAATAATAAA6TAATMA6TAATA4AATAAA66T6CTTCAAAC6ATCAATAA6TATA6AT6TTT 6600
A66ATCAAACCAA6666CTTACT6TAAAATACATTCAACATCACAT6A6AACTAASCCA6ACAATATSTCATCA6CACTT6CT6AATAAAA66CAACTTTA6CATTATCT66CCTCT6A6 6720
AASAA6A4tCA6OTAT66TATC6ATTATCC66AAACCCA6aA6ACTCT6AATTACA6AAA6CCT6TCTATCATA6TCTCCACTTTATCCAAATAATCCCATTTTTTAAAAT6TCCTTTTT 6840
CTCT6CA6TAATAAAATAATACCTT6TACTT6ATCCAAATTA66ATAAATSAATCCTTATT66A666AAAACCAACCTATT6A6TTTACTCAAT6TTTACAT6ATTTTCTAT6AA6ATCA 6960
4A64AAGAATTC6ATTTCT6AAAAAA4TCCCAAGTCCC6A6CATTCT66ATAaAAA6TTCCCATACCTSTATATTT6CCTAAACATATTASATTT66AB6CTAT6AT6ACAAATAT6T6A6T 7080
BC6A6CATTTCCCASAACACTAATATTCCTTT6AA6AACCTCAACACCAT6AATCCAAAATAAATAAT6A6AACACTCATCTTSTTAACAACA6CCAT6CAAAATASAACA66T66TTAA 7200
AT6CACATACACATACTAAA6CTAA66A6T6CCAAACAA6AAA666TTCGACAAACAAA666AACAATTAACCTTCTA66ATCAAATACCCTACAAACATS4AATT6TCABCTCAAACA6 7320
T4A4AAAACAATAATCAACTACATTAATTT6CACCAATT6A6TCACACTTA666ACA6ATTTACATAT66T66AATATCAA666TTAATTAACCCTCBATATTC6ACTTCC6AA6TC6AA 7440
6A?TTTACCACAATTC6TTCAATC6AAC66TTAAATCCATTTT4AACCATC6ATCBAAC6ATTTTTCTTC6ACA4AAAAAA6ATT6C4AAACCTAT6666ACCTTCCCCATA66CT4AAAT 7560
T6ACTTC66S6TAGTTTT66T66C6AACTA66666TC6SAArTTTTTTT4AAASAACA6TACTTA6ACTAT66TCA6TACTTASAC6AA4T6TC6AATA6TCSAACSATTTTTC6TTC6AA 7680
TC6TTC6ATTC6AA6TC6AA6TC6TA6T66AA66TT6AAATA6CCCATTC6AT66TC6AA6TABCCA4AAAAAAATTCBAABTTTTTTTTATTCTATTCCTTCACTCBABCTAA6TAAATO 7800
66CCCCTCTCT6TATAATATS4tCA6TTCATATA6CACCAATATATTCT6CA6AATT6TACA6AAAT6ATACATTATTCACACCAATCCCT6CCCCA6T66ABTTTATAATCTACA6TCTC 7920
TATAAATATTCATACACACCTTATASTCAATATTATCTSB4AACATCTAACCTSTATOCTCTA66ASTGTBBBA6CA4AAcAcCACAATCTAAACASCACAGASOCACCAATTTTAAATB ao40
TTTTTATTCCTATACTACAtCATATTCCTA6TTTAAACTCTAC6T6T6TATT6AAACTTC6CTTATTAACCA66TOA66CT6T6CACATA
Fig. I (A). Structure of a X. Iaevis cardiac actin gene. Boxes indicate exons (untranslated regions cross-hatched), numbered 1-7. The thick line represents
introns. Restriction sites: K, Kpnl; B, BamHl; R, EcoRI; H, HindMI; Bg, BglII. (B). Nucleotide sequence of the X. laevis cardiac actin gene shown in (A).
The complete sequence of the gene is shown (along with flanking DNA) with nucleotides numbered from + I at the start of transcription. Intron boundaries
are shown in lower case. Putative TATA and CAAT boxes are underlined, as are the two hexanucleotide, polyadenylation signals in the final exon. The
deduced cardiac actin anmino acid sequence is shown in single letter code. The termination codon is indicated (*).

tin genes. (iv) Neither is their any similarity between any por- the cloned cardiac gene were introduced into fertilised eggs and
tion of the Xenopus cardiac gene and chick (Ordahl and Cooper, their subsequent expression in early embryos was studied.
1983; Nudel et al., 1985) or rat (Zakut et al., 1982) skeletal ac- A chimaeric cardiac actin-bacterial chloramphenicol acetyl
tin genes other than their common CAAT box. (v) Within the transferase (CA ) gene is correctly regulated in early embryos
upstream sequence flanking the vertebrate cardiac actin genes Linear, plasmid DNA persists after microinjection into fertiliz-
Minty and Kedes (1986) have recently identified a common, ed eggs and is retained in an episomal, concatenated form in the
repeated sequence motif comprising CC(A/T)nGG an example nuclei of the embryonic blastomeres at least for the first day of
of which is the striated muscle actin gene CAAT box development (Rusconi and Schaffner, 1981; Bendig and
(CCAAATAAGG). Such motifs are also present in the Xenopus Williams, 1983; Etkin et al., 1984). During this period, exten-
cardiac actin gene promoter region (Figure 2). sive cell differentiation occurs to provide the major embryonic
To test the role of such conserved sequences, derivatives of organs and tissue types of the larval tadpole. It has been shown
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Fig. 2. (A). Evolutionarily conserved sequences in the upstream regions of
vertebrate cardiac actin genes. In addition to the highly conserved,
sarcomeric actin CAAAT sequence (Ordahl and Cooper, 1983), there are

several highly conserved sequences, as shown. The location of each with
respect to the transcription initiation site is indicated. Each conserved
sequence contains a CCarGG motif (marked by asterisks). The human,
chicken and mouse gene sequences are from Minty and Kedes (1986). (B).
Presence of sequence homology in the Xenopus cardiac actin gene with an

identified transcriptional control element of other vertebrate genes.
Sequences from the upstream regions of the mouse immunoglobulin heavy
(Ig VH) and K-light chain (Ig VL) are aligned with respect to a common

octamer (ATTTGCAT) transcription factor binding site (Singh et al., 1986).
A similar sequence is found in the immunoglobulin enhancer element
located in the intron between variable and constant regions of heavy and
light chain genes (Ig intron V-C), and in the enhancer-like sequence
upstream of the Xenopus Ul U2 SnRNA genes (Mattaj et al., 1985). The
location of each sequence is indicated.

previously that the cardiac actin gene is activated along with its
skeletal actin counterpart in the presumptive muscle tissue of the
embryonic mesoderm after only 20 h of development (Mohun
et al., 1984). It is possible therefore to examine whether microin-
jected copies of the cloned cardiac gene are appropriately
regulated in a temporal and tissue-specific manner in the develop-
ing embryo. Figure 3 shows the results of such an experiment.
To distinguish between expression of the endogenous cardiac

actin gene and that of the microinjected copies, a chimaeric gene
was constructed comprising 3 kb of Xenopus DNA including the
cardiac actin gene promoter and cap site attached to the entire
bacterial CAT gene (Gorman et al., 1982). The fusion point lies
at position +24 in the cardiac actin gene, within the 5' un-

translated region of the mRNA. When this chimaeric gene is in-
troduced into fertilized eggs no CAT enzyme activity is detected
for the first few hours after injection. The cloned gene remains
inactive until gastrulation (stage 10), after which enzyme activi-
ty can be detected in the dorsal, axial portion of the embryo.
This region contains the presumptive somite tissue that forms
the embryonic muscle in addition to other axial structures such

Fig. 3. CAT activity assays on embryos injected with plasmid DNA
containing the cardiac actin gene promoter (3 kb) fused to the bacterial CAT
transcription unit. Embryos were injected with DNA at the two-cell stage
and cultured whole until the stages indicated. A dorsal, axis-containing
fragment (D) was dissected from the rest (R) of the embryo and each part
analysed separately. (This dissection is not possible prior to gastrulation.)
Other embryos were dissected into animal (A), vegetal (V) and equatorial
pieces (as described by Gurdon et al., 1985) at stage 8, and the fragments
cultured until stage 18. An. and veg. pieces were also placed in conjugation
(C) at stage 8 and cultured until stage 18. CM, non-acetylated
chloramphenicol. Arrows indicate the mono- and di-acetylated forms of
chloramphenicol.

as notochord and neural tissue. Little or no enzyme activity can

be detected in the remaining tissues of the embryo though these
contain more cells than the dorsal fragment. As development pro-
ceeds through neurulation (stages 14-18) and the first mor-

phologically distinct somites are established, the level of CAT
activity increases approximately 7-fold in the dorsal region of
the embryo. From this stage onwards, the expression of the
chimaeric gene varies considerably between individual batches
of embryos; in some the level of CAT activity continues to in-
crease in tailbud embryos (e.g. Figure 3); in others, the level
declines several fold. Earlier studies have indicated that the sur-

vival of microinjected DNA is highly variable in neurula and
tailbud stages (Newport and Kirschner, 1982; Gurdon and Smith,
1984) and that the amount of transcription from injected genes
corresponds to the number of copies which persist in the em-

bryo (Rusconi and Schaffner, 1981).
Although the chimaeric gene is subject to correct temporal

regulation, the region-specific location of CAT enzyme activity
could be the result of differential stability of the bacterial en-

zyme in the various embryonic tissues. It could also reflect a

mosaic distribution or survival of the microinjected genes amongst
the early embryo blastomeres. These possibilities were tested in
two ways. Firstly the expression of the chimaeric gene in isolated,
cultured regions of the early embryo both before and after their
conjugation was examined. The equatorial portion of a blastula
will form axial structures containing muscle tissue when cultured
separately (reviewed in Slack, 1983). Consistent with this, it was
found that copies of the microinjected fusion gene are activated
in the equatorial but not animal or vegetal regions after several
hours of culture (Figure 3). This is in agreement with the trans-
criptional activation of the endogenous cardiac actin gene in
similar regions after isolation and culture (Gurdon et al., 1985).
Secondly, it is well established that the animal pole region of
the blastula embryo, which gives rise to ectodermal tissues dur-
ing normal development, may be induced to form mesodermal
derivatives including muscle tissue by contact with vegetal cells
of the blastula (Nakamura et al., 1970; Sudarwati and
Nieuwkoop, 1971). Conjugates formed from these two embryo
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Fig. 4 (A). Diagram of a stage 18 embryo, seen in traverse section, with
the head fragment on the left. The regions indicated (1 -7) were isolated by
dissection and immediately frozen. (B). Histograms summarizing the results
of assaying CAT activity in the dissected regions of embryos indicated in A.
The enzyme activity of each fragment is expressed as a percentage of the
total for all seven regions of the embryo. Embryos were injected with DNA
containing the bacterial CAT transcription unit fused to upstream sequences
encompassing the promoters of the Xenopus cardiac actin, Herpes simplex
TK and Xenopus cytoskeletal (tpe 5) actin genes.

fragments show levels of enzyme activity comparable with un-
dissected embryos after culture until control embryos have reach-
ed the neurula stage (Figure 3). This activity is located exclusively
within the animal fragment of the conjugate (data not shown).
The microinjected fusion gene therefore responds to inductive
tissue interactions in an identical manner to the endogenous sar-
comeric actin genes (Gurdon et al., 1985). Since none of the
tissue in the conjugates would normally contribute to muscle tissue

V E A C V E A C V E A C V E A C BI
-300 -580- -416- -217

Fig. 5. Summary of CAT assays on regions of embryos injected with 5'
deletion mutants of the cardiac actin-CAT chimaeric gene (shown). Enzyme
activity is expressed as the percentage conversion of chloramphenicol to its
mono- and di-acetylated forms, all assays being performed under identical
conditions. Injected embryos were dissected at stage 8 into vegetal (V),
equatorial (E) and animal (A) fragments. Conjugates (C) were also made
from animal and vegetal fragments. Embryo pieces were cultured until stage
18 and then assayed. The extent of cardiac actin gene upstream sequence
remaining in each deletion mutant is indicated beneath each histogram.

it may be concluded that the presumptive ectoderm tissue of the
early embryo retains sufficient copies of the chimaeric gene to
permit ready detection of the bacterial enzyme after induction.
The predominantly dorsal expression of the injected gene in
neurula embryos is unlikely therefore to be the result of differen-
tial distribution of the injected DNA within the embryo.
Tissue-specific expression of the cardiac actin-CAT chimaeric
gene
To examine the precise localization of expression of injected
genes amongst the tissues of the early embryo, seven different
regions dissected from neurulae were tested for the presence of
CAT activity (Figure 4). Embryos injected with the cardiac
actin-CAT gene show 80-90% of their activity within the
myotome tissue. A low level of activity is detected in the ventral
mesectoderm and the dorsal endoderm. In both cases it is prob-
able that this results from contamination of these fragments with
myotome tissue during microdissection. Previously, a low level
of endogenous cardiac actin mRNA was found in the ventral mes-
ectoderm and was considered an artefact resulting from an ar-
bitrary delineation between ventral and dorsal mesoderm (Mohun
et al., 1984).

This dissection was repeated on embryos injected with another
chimaeric gene, comprising the bacterial CAT gene under the
regulation of the Herpes simplex thymidine kinase (TK) promoter.
In this construct, the position of fusion lies at +52 with respect
to the TK cap site, upstream of the TK protein-coding sequence.
The chimaeric gene is flanked by approximately 700 nucleotides
of TK sequence including its well-characterized promoter
(McKnight and Kinsbury, 1982). Figure 4 shows that the
TK - CAT gene is expressed to varying degrees throughout all
the tissues of the neurula embryo. In contrast to embryos injected
with the cardiac actin-CAT gene, those receiving the TK - CAT
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fusion show no elevation in enzyme activity within the myotome
tissue.

Figure 4 also shows the tissue distribution of CAT activity in
embryos injected with the CAT gene under the regulation of a
523 nucleotide fragment encompassing the Xenopus cytoskeletal
actin gene promoter (T.M. unpublished results). Again the point
of fusion lies within the first exon of the actin gene which en-
codes the 5' untranslated region of the cytoskeletal actin mRNA.
This mRNA, which encodes a -y-like cytoskeletal actin protein
is inherited by all tissues of the early embryo from the maternal
stores of the oocyte. De novo synthesis of the message com-
mences at gastrulation to varying extents in all tissues of the em-
bryo (Mohun et al., 1984; T.M. unpublished results). Similarly,
the cytoskeletal actin -CAT chimaeric gene is expressed in a
correct temporal manner (data not shown) and varying levels of
enzyme activity are detected in different regions of the embryo.
Interestingly, the myotome tissue contains considerably more
CAT activity than any other and this provides the major difference
between the profiles of TK - CAT and cytoskeletal actin - CAT
gene expression (Figure 4). Since both these fusion genes are
expressed in most parts of the neurula embryo, it is concluded
that at least some cells of each region of the developing embryo
receive and retain copies of the microinjected gene. Furthermore,
the CAT enzyme product common to all three chimaeric genes
is stable throughout the embryo. The cardiac - CAT fusion gene
may therefore be considered to be correctly regulated in both
a temporal and tissue-specific manner in the early Xenopus
embryo.
Upstream sequences required for correct expression of the car-
diac actin-CAT chimaeric gene
The cardiac actin - CAT fusion gene contains only 23 nucleotides
of the cardiac actin mRNA and yet the gene is regulated in parallel
with the endogenous cardiac actin gene. This suggests that no
portion of the actin gene downstream from position + 24 is essen-
tial for temporal- or tissue-specific activation during early em-
bryo development. It was therefore attempted to define the extent
of sequence upstream from the cap site that is required by the
fusion gene for appropriate regulation in early embryos. By in-
jecting 5' deletion mutants of the chimaeric gene into fertilized
eggs, the effect of increasing truncation of the Xenopus promoter
fragment on expression of CAT activity was tested.
Two types of experiment were used to assess whether the

chimaeric genes are expressed in a tissue-specific manner. In the
first, injected eggs were allowed to develop until the neurula stage
and then dissected into dorsal (axial) and ventral portions. Each
fragment was assayed for CAT activity. In the second, blastulae
from injected eggs were dissected to obtain isolated animal and
vegetal fragments neither of which would express muscle-specific
genes when cultured on their own. These were recombined and
the resulting conjugates tested for CAT activity after a period
of culture (see above). Both approaches gave similar results and
an example of the latter is shown in Figure 5.
Two results are striking in these experiments. Firstly, any ex-

pression of the fusion gene requires sequence(s) lying between
217 and 416 nucleotides upstream from the start of transcrip-
tion. This region is required both for the induction of the fusion
gene in animal/vegetal conjugates (Figure 5) and for myotome-
specific expression in the intact embryo (data not shown). Second-
ly, the absolute level of CAT activity found in myotomes or in
conjugates declines with increasing truncation of the cardiac ac-
tin promoter from -3000 to -416. It seems unlikely that this
results from the increasing proximity of vector sequence to the

fusion gene cap site since the injected gene is linearized at the
5' junction of pUC 18 vector and Xenopus DNA. Furthermore,
Wilson et al. (1986) have found that the concatenates of injected
DNA found in early embryos contain monomers in random orien-
tation. One possible explanation is that the quantitative level of
transcription from the cardiac actin gene is modulated by several
sequences dispersed through the upstream DNA. These appear
distinct from the sequence(s) between -217 and -416 that confer
tissue-specific expression on the fusion gene.
The cardiac actin gene is transcribed in oocyte nuclei
Since the cardiac actin gene promoter is capable of conferring
tissue-specific expression on the bacterial CAT gene it was ex-
pected that the fusion gene would, like the endogenous sarcomeric
actin genes, remain quiescent in oocyte nuclei. Indeed, the linear-
ized fusion gene gave little expression in oocytes, however, this
could well have resulted from degradation of the microinjected
DNA during the 24 h incubation period. As some genes micro-
injected in supercoiled form are correctly expressed in oocytes
(Bienz, 1984) the experiments were repeated using circular
plasmid DNA. Surprisingly, the entire series of 5' deletion
mutants was expressed after microinjection into oocyte nuclei
whilst the promoterless CAT gene gave rise to no detectable en-
zyme activity (data not shown). Truncation of the cardiac actin
promoter to -56 with the concomitant removal of the cardiac
actin CAAT box had no effect on the level of CAT enzyme found
in the oocyte cytoplasm. Expression of the fusion gene in oocytes
does not therefore require the same upstream sequences necessary
for embryonic expression.
No cardiac actin mRNA is detectable in uninjected oocytes or

very early embryos (Mohun et al., 1984) and it is thereby pos-
sible to examine directly the transcription of an entire cardiac
actin gene introduced into oocyte nuclei. RNase protection was
used to study both initiation and termination of cardiac actin gene
transcription in microinjected oocytes. Using a probe that spans
the 5 1-nucleotide first exon of the gene, it was found that only
a few percent of transcripts are correctly initiated and spliced
in the oocyte germinal vesicle. The majority constitute read-
through transcripts that appear to be initiated at a few preferred
sites in the promoter region (Figure 6). Curiously, as the amount
of injected DNA increases, the level of most readthrough trans-
cripts declines and the proportion of correctly initiated increases
several fold to a plateau level. Similar results are obtained with
the cardiac actin gene cloned in either orientation in both pUC
and pBR322 plasmids and is unaffected by truncation of the 5'
flanking sequence to as little as 200 nucleotides. The gene is cor-
rectly transcribed 10-fold more efficiently when introduced into
oocytes in a lambda phage vector (data not shown).

Cardiac actin transcripts are correctly processed in oocyte nuclei
Finally, the cardiac actin transcripts detected in microinjected
oocytes were examined for possession of a correct 3' terminus.
Using a probe that spans the last exon of the cardiac actin gene
and includes flanking DNA sequence, a single major protected
fragment of approximately 280 nucleotides was found. This maps
the 3' end of the transcripts to a position immediately downstream
from the first putative polyadenylation signal (Figure iB) and
is the same for the endogenous cardiac actin mRNA of early em-
bryos (Figure 7). A small proportion of transcripts in RNA from
both embryonic muscle and microinjected oocytes possess a
longer 3' untranslated region which terminates at two positions
within 20 nucleotides downstream of the second polyadenyla-
tion signal. cDNAs corresponding to both sized mRNAs have
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Fig. 6. Transcript initiation analysis of RNA from oocytes injected with a

plasmid containing the entire Xenopus cardiac actin gene, including 3 kb of
upstream sequence. RNase protection of a 51 nucleotide fragment represents
correct initiation of cardiac actin gene transcripts, as seen in normal tadpoles
(left three lanes). Lanes 4-8 show the results with oocytes injected with
1-20 ng of DNA; unlabelled arrows indicate major protection products
resulting from incorrect initiation of transcription of the plasmid DNA. 0,

uninjected oocytes; T, tRNA. 2.5 ug of total RNA was used for each lane.

been isolated from RNA confirming that both polyadenylation
signals are used during early development (T.M. unpublished
results). From Figure 7, it appears that similar levels of correct-
ly processed transcripts are obtained from oocytes injected with
1.25 and 2.5 ng of DNA despite the several fold difference in
the levels of correctly initiated transcripts in the same samples
(see Figure 6). This suggests that at least some of the readthrough

220

Fig. 7. Analysis of transcript 3' termini in RNA from oocytes injected with
the Xenopus cardiac actin gene, as in Figure 6. The lower arrowed band
indicates a 280 nucleotide fragment that represents the normal 3' terminus
of the cardiac actin gene transcript. A small proportion of cardiac actin
mRNA in tadpoles possesses a longer 3' untranslated region and gives a

doublet of protected fragments (upper arrow). M, DNA size markers; P,
undigested probe; T, tRNA; 0, uninjected oocyte RNA. 2.5 yg of total
RNA were used in each assay.

transcripts are processed to obtain a correct 3' terminus and are

sufficiently stable to be detected by RNA mapping.

Discussion
All three classes of eukaryotic genes are transcribed after injec-
tion into fertilized Xenopus eggs. Those utilizing polymerase In
such as 5S and tRNA genes are efficiently transcribed and their
products readily detected (Gurdon and Brown, 1977). Polymerase
I-transcribed ribosomal RNA genes are also expressed in the early
embryo, transcription being activated at the late blastula stage
in parallel with their endogenous counterparts (Busby and Reeder,
1983). In contrast, only a relatively low level of expression has
been reported for protein-coding genes derived from organisms

as diverse as the fruit fly (Etkin et al., 1984; Etkin and Balcells,
1985), sea urchin (Bendig, 1981; Etkin et al., 1984) or rabbit
(Rusconi and Schaffner, 1981) after their injection into Xenopus
eggs. In no case has correct temporal regulation of such genes
been obtained. Even with Xenopus globin (Bendig and Williams,
1983, 1984) or vitellogenin genes (Andres et al., 1984)
developmental expression is incorrect in early embryos. Recently,
however, faithful temporal expression of a Xenopus gene, GS17,
has been reported by Krieg and Melton (1985). This newly char-
acterized gene is normally activated at the mid-blastula stage and
transcribed through the first stages of gastrulation. It has been
suggested that since injected DNA is frequently lost from em-
bryos after the end of gastrulation, correct temporal regulation
is only likely with genes (such as GS17) that are normally ac-
tivated in very early development. The results reported here are
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in agreement with this, the cardiac actin - CAT fusion gene show-
ing a temporal and spatial pattern of expression in embryos iden-
tical to that of the endogenous sarcomeric actin genes. Similar
results have also been obtained by Wilson et al. (1986) with an
entire cardiac actin gene from X. borealis introduced into eggs
of X. laevis.
There are several advantages in using Xenopus eggs for these

experiments. Extensive cell specialization is established within
a day of fertilization and embryos are sufficiently large to enable
microdissection and analysis of tissues from all three germ layers.
Expression of genes introduced into embryos of other organisms
such as flies and mice may be affected by their site of integra-
tion into the host genome. Individuals reared from injected eggs
often show a mosaic distribution of the introduced gene. Conse-
quently, germ line transmission of the injected DNA to the Fl
generation is required in order to test for tissue-specific patterns
of gene expression. In contrast, DNA microinjected into Xenopus
eggs is retained in an episomal form at least until the neurula
stage and its expression is therefore unaffected by direct interac-
tion-with host DNA. Under these circumstances, the role of cis-
acting DNA sequences within the injected DNA can be studied
more easily.
A number of sequences have been implicated in the control

of vertebrate muscle actin gene expression. Hybrid genes con-
taining the 5' portions of vertebrate sarcomeric actin genes are
activated during terminal differentiation of myogenic cells. A
region of 5' flanking DNA within a few hundred nucleotides of
the cap site is sufficient to confer this pattern of expression on
fusion genes containing the first exon of the cardiac and skeletal
actin genes (Nudel et al., 1985; Grichnik et al., 1986; Minty
and Kedes, 1986). 5' deletions have been used to identify two
distinct regions flanking the human cardiac actin gene that are
required for expression in a differentiating myoblast cell line.
The precise sequences involved in this control are unknown. In
the present study, it has been shown that a similar restricted region
flanking the Xenopus cardiac gene is required for both temporal
and tissue-specific expression in the earliest stages of embryo
development. It is noteworthy that this region, spanning from
-217 to -416 includes a short sequence (Figure 2) that closely
resembles both the Xenopus U2 SnRNA enhancer (Mattaj et al.,
1985) and a transcriptional control element of mouse im-
munoglobulin genes (Singh et al., 1986).

Microinjection of genes into Xenopus oocytes has provided an
alternative to in vitro transcription systems in the identification
of trans-acting factors regulating gene expression (Galli et al.,
1983; Ferguson et al., 1984). For this reason the expression of
the cardiac gene in oocyte nuclei was examined. Only a small
proportion of transcripts are correctly initiated and it may
therefore be possible to establish a 'complementation' assay for
extracts of myotome or muscle tissue capable of stimulating ac-
curate transcription of the injected gene.

Materials and methods
Isolation and characterization of the cardiac actin gene
Several recombinant phage were isolated from a X. laevis genomic library kind-
ly provided by D.Melton using a gene-specific probe derived from the X. laevis
cardiac actin cDNA (Mohun et al., 1984) and methods described by Maniatis
et al. (1982). The location and orientation of the gene were established using
subcloned regions of the cDNA as hybridization probes. Restriction fragments
containing the entire gene and flanking DNA were subcloned into pUC 12. DNA
sequencing was performed using the dideoxy method (Sanger et al., 1977) with
M13 libraries obtained by the random, 'shotgun' procedure (Bankier and Bar-
rell, 1983). Sequences were compiled using the DB programs of R.Staden (1982,
1984) and analysed using the ANALYSEQ and DIAGON programs. Each

nucleotide was sequenced an average of four times on each DNA strand. The
gene sequence has been entered into the EMBL Nucleotide Sequence Data Library.
Construction of cardiac actin gene derivatives
A 603-nucleotide fragment containing the cardiac actin gene promoter and cap
site was obtained by insertion of an XhoI linker into a BstN 1 site within the first
exon and subsequent Bal3 1 digestion to remove all but 23 nucleotides of the ex-

on from the promoter fragment. After insertion between the EcoRI and SmaI
sites of pUC12, this was re-excised as an EcoRI-BamHI fragment. The adja-
cent 2.5-kb KpnI-EcoRI fragment flanking the 5' end of the promoter was
subcloned alongside the modified promoter fragment into the vector pUC18CAT.
This contains a HindIII-BamHI fragment from pSVoCAT (encompassing the
bacterial CAT gene and SV40 polyadenylation site) cloned as a blunt-ended frag-
ment into the HincIl site. The final construct therefore contained a 3-kb frag-
ment of Xenopus DNA containing the cardiac actin gene promoter and cap site
fused to the bacterial CAT gene. 5' deletion mutants of this chimaeric gene were

constructed using the unique EcoRI, ScaI and BalI sites within the actin pro-
moter. In each case the unique site was filled in with the Klenow fragment of
DNA polymerase and a KpnI linker added. After digestion with KpnI, the trun-

cated actin promoter was subcloned as a KpnI-BamHI fragment into pUC18CAT.
The resulting fusion genes contained 580, 416 and 217 nucleotides of actin gene
promoter sequence. A further 5' truncation to -56 (removing the CAAT box)
was obtained by removal of a Sacd fragment from the shortest deletion mutant.

Microinjection of oocytes and eggs
DNA was injected into eggs or into uncentrifuged oocytes ofX laevis as described
by Gurdon and Wakefield (1986). Each oocyte germinal vesicle was injected with
20 nl of solution containing from 0.1 to 20 ng of DNA, as indicated in the figures.
Oocytes were then cultured for 16-20 h at 19°C before freezing.

Fertilized eggs were injected at the two-cell stage, usually with 10 nl contain-
ing 250 pg of DNA into each blastomere at a point between the animal pole and
the equator. Eggs were dejellied using cysteine hydrochloride prior to injection
and kept in Modified Barth Solution; (MBS) Gurdon and Wakefield, 1986] con-
taining 2% Ficoll (Pharmacia) during injection. They were then cultured until
stage 6 (Nieuwkoop and Faber, 1956) in full strength MBS before being transferred
to 1/10 MBS and cultured until stage 18. Embryos were stored frozen (-70°C)
for subsequent analysis.

Fertlized eggs very often undergo aberrent cleavage and abnormal later develop-
ment if injected with more than 500 pg of any kind of DNA (Gurdon, 1974)
making it difficult to dissect the dorsal region of a stage 18 neurula. The injec-
tion of smaller amounts of DNA greatly reduces the amount of gene expression
from injected DNA. Conjugates comprising animal and vegetal portions of blastulae
after the removal of the equatorial region are readily cultured until control em-
bryos have reached stage 18. Unlike intact embryos, the conjugates are largely
unaffeced by injection doses as large as 500 pg.
CAT assays
Frozen oocytes, embryos and embryo fragments were homogenized directly in
ice-cold 0.25 M Tris-HCl (pH 7.8) using 30-50 1d of buffer per oocyte or em-
bryo. Homogenates were spun at 12 000 r.p.m. for 10 min in the cold and the
yolk-free supematant stored at -70°C. Enzyme assays were performed as describ-
ed by Gorman et al. (1982) and analysed by t.l.c. Levels of actetyl-14C-
chloramphenicol synthesized were measured by scintillation counting and values
corrected for variations in loading on the t.l.c. plate. Each assay was repeated
at least twice.
RNA mapping
Total RNA was isolated from oocytes and embryos as described previously (Mohun
et al., 1984). Cardiac actin gene transcripts were mapped by RNase protection
as described by Zinn et al. (1983). Nuclease-resistant fragments were fractionated
on thin 6-8% acrylamide sequencing gels and their sizes estimated from DNA
markers or from a DNA sequence electrophoresed in parallel. Plasmids used to
prepare RNA probes were constructed by transferring fragments obtained in the
random sequencing procedure from Ml3mp8 into the appropriate orientation Sp6
vector. pSpAlu26 comprises a 267-nucleotide fragment encompassing the first
exon of the gene and was used to map the 5' end of cardiac actin transcripts.
pSp9A75 contains a fragment of approximately 500 nucleotides that spans the
3' most exon of the gene. This was used to map the 3' termini of transcripts.
Probes were synthesized as described by Melton et al. (1984).
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